As the most widely used manufactured material on Earth, concrete poses serious societal and environmental concerns which call for innovative strategies to develop greener concrete with improved strength and toughness, properties that are exclusive in man-made materials. Herein, we focus on calcium silicate hydrate (C-S-H), the major binding phase of all Portland cement concretes, and study how engineering its nanovoids and portlandite particle inclusions can impart a balance of strength, toughness and stiffness. By performing an extensive +600 molecular dynamics simulations coupled with statistical analysis tools, our results provide new evidence of ductile fracture mechanisms in C-S-H -reminiscent of crystalline alloys and ductile metalsdecoding the interplay between the crack growth, nanovoid/particle inclusions, and stoichiometry, which dictates the crystalline versus amorphous nature of the underlying matrix.
Introduction
With more than 30 billion tons per year, concrete manufacturing and use contribute to 5-10% of CO 2 emissions worldwide (Worrell, Price et al. 2001) . Among various strategies to reduce this environmental footprint, increasing strength and toughness of concrete from the molecular level up holds a great promise (Qomi, Krakowiak et al. 2014) . In this context, understanding and controlling the mechanics of concrete's smallest building block, calcium-silicate-hydrate (C-S-H), is highly desired but a fundamental and engineering challenge. This is because C-S-H has a variable stoichiometry (Allen, Thomas et al. 2007 , Skinner, Chae et al. 2010 , Qomi, Krakowiak et al. 2014 and distorted layered structure with multiple defects, porosities, and inclusions (Birchall, Howard et al. 1981 , Pellenq, Kushima et al. 2009 ). Accounting for 60-70% of cement hydration product, C-S-H is the key structural binder phase in all cement-based materials (Dai, Shui et al. 2012 ).
For almost all engineering materials, a high damage tolerant, i.e., both strong and tough, is desired but these two properties (strength and toughness) are mutually exclusive except in some biomaterials (Sakhavand and Shahsavari 2015) . Strength is the stress that material can resistant 3 to non-recoverable deformation, such as plastic deformation in ductile material; whereas, toughness represents the material's resistance to fracture (Ritchie 2011) . With growing demand for infrastructure, and also regarding the considerable carbon dioxide emission of cement (contributing to 5-10% of total anthropogenic CO 2 emissions worldwide) (Mehta 2001) , the optimization of the mechanical properties and durability of C-S-H has become a pressing need.
In the past two decades, great efforts have been undertaken in identifying the role of nanoscale structure (Allen, Thomas et al. 2007 , Shahsavari, Buehler et al. 2009 , Skinner, Chae et al. 2010 , Dolado, Griebel et al. 2011 , Shahsavari, Pellenq et al. 2011 , Bauchy, Qomi et al. 2014 , Qomi, Krakowiak et al. 2014 , Ioannidou, Krakowiak et al. 2016 , defects (Worrell, Price et al. 2001) and the fracture toughness of C-S-H (Bauchy, Qomi et al. 2014 , Qomi, Krakowiak et al. 2014 , Bauchy, Laubie et al. 2015 . A cement with higher strength leads to more efficient use at smaller quantities (to do more with less) while a higher toughness will extend the ageing of infrastructure, thus reducing maintenance cost and improving global economy. Even a small decrease in cement production imposed by higher strength and/or toughness could have a significant impact in mitigating the global greenhouse CO 2 emissions.
When it comes to microstructures with multiple phases or porosity, nucleation, growth, and coalescence of microscopic voids are important ductile fracture mechanisms such as those in metal and alloys (Scheyvaerts, Pardoen et al. 2009, Benzerga and . In the context of porous cement-based material, C-S-H phase exhibits multiscale porosity ranging from nanometer to millimeter scales (Maekawa 2003) . Although the properties of water confined in the gel pores have been well studied experimentally (Greener, Peemoeller et al. 2000 , Bordallo, Aldridge et al. 2006 , Allen, Thomas et al. 2007 , Bauchy, Qomi et al. 2014 ) and computationally (Jennings 2008 , Manzano, Moeini et al. 2012 , Gonzalez-Teresa, Dolado et al. 2013 , the fracture mechanism of porous C-S-H at nanoscale, especially interactions between crack tips and nanovoids, is an important mechanical phenomena, which is essentially unexplored. Besides C-S-H, about 15-21% mass of hydrated cement is composed of portlandite, calcium hydroxide Ca(OH) 2 , making it another important component of concrete (Galmarini, Aimable et al. 2011) . The current study of portlandite and its nucleation and growth during hydration of cement mostly focused on micro-and larger scales (Alarcon-Ruiz, Platret et al. 2005 , Galmarini, Aimable et al. 2011 . Interaction of portlandite and C-S-H at nanoscale, particularly the role of portlandite particles in crack propagation remains unknown. This issue is challenging to tackle by experimental studies alone due to the small scales involved. However, going beyond C-S-H and portlandite, analogous interactions of nanoparticles (Jalilvand and Shahsavari 2015) and shear band in amorphous alloy (Hufnagel, Fan et al. 2002 , Kim, Choi et al. 2002 , Lewandowski and Greer 2006 has been reported. Mechanisms of absorption, bypassing, cutting, retardation and accommodation were identified experimentally (Glezer, Shurygina et al. 2013) . Therefore, an in-depth understanding of portlandite and its interaction with crack tip in C-S-H at nanoscale is very important, and may lead to a better control and tailor the mechanical properties of cement paste and thus concrete properties.
The structure of C-S-H has been comprehensively studied in the last two decades, thanks to the development of research tools including NMR (Cong and Kirkpatrick 1996) , XRD (Janik, Kurdowski et al. 2001) and SANS (Allen, Thomas et al. 2007 ) as well as advanced computational developments (Pellenq, Kushima et al. 2009 , Qomi, Krakowiak et al. 2014 , Ioannidou, Krakowiak et al. 2016 . At the nanoscale, most of the experimental results suggest that C-S-H is analogous to layered crystalline tobermorite and jennite (Cong and Kirkpatrick 1996 , Allen, Thomas et al. 2007 , Skinner, Chae et al. 2010 , Meral, Benmore et al. 2011 Gonzalez-Teresa, Dolado et al. 2013) . In crystalline C-S-H minerals the interlayer interaction between charged layers is dominated by coulombic interactions rather than van der waals dispersive forces (Shahsavari, Pellenq et al. 2011 ). A realistic atomistic-level structural model of C-S-H (Pellenq, Kushima et al. 2009 ) was recently proposed, with which the fundamental deformation mechanism and many other characteristic parameters can be studied. A more complete version of this work was recently developed via a combinatorial approach aimed at computationally generating multiple atomistic C-S-H structures with a wide spectrum of calcium-to-silicon (C/S) ratios ranging from ~1 to ~2 (Qomi, Krakowiak et al. 2014 ).
In the present work, we aim at understanding the effects of nanovoids and portlandite particles on balancing mechanical properties (strength, stiffness and toughness) of C-S-H under tensile tests using a series of MD simulations coupled with statistical analysis tools. Considering the wide spectrum of C/S ratios (~1 to 2) in cement pastes, we consider three representative C-S-H phases: tobermorite crystal with C/S=1, and the glassy C-S-H (gC-S-H) with C/S=1.565 and 1.89. Then, random nanovoids and portlandite particles are introduced into the samples and detailed fracture mechanisms and mechanical properties are explored. Besides fundamental understanding, our results will elucidate new fracture mechanisms associated with C-S-H at the molecular scale, particularly the interplay between the crack tip, nanovoid/particle inclusions, and the extent of crystalline/amorphous features of the matrix, thereby providing novel physical insights and guidelines for designing strong and tough cementitious materials.
The paper is organized as follows: section 2 provides a brief introduction of the simulation method, as well as the computer models of tobermorite and gC-S-H (C/S=1.565; C/S=1.89).
Implementations of the intra-and inter-layer fractures with random voids and portlandite particles are presented and discussed in section 3. The global sensitivity analysis of the effects of 6 microstructure parameters on material properties is presented in section 4, followed by the conclusion of the paper in section 5.
Methods
We used molecular dynamics (MD) simulations, which has become an important method to provide an atomistic perspective on structural failure and nanoscale deformation mechanisms of various materials (Zhang, Deng et al. 2011, Zhang and Chen 2013) . Successful achievement of any MD modeling requires effective and accurate interatomic potentials. For this purpose, we employed the CSH-FF potential (Shahsavari, Pellenq et al. 2011 ), which we developed earlier based on extensive ab-initio structural and mechanical data on tobermorite (Shahsavari, Buehler et al. 2009 ). This force field has been highly successful in predicting accurately structural, elastic, and fracture data of various crystalline and defected C-S-H phases (Shahsavari, Pellenq et al. 2011 , Qomi, Krakowiak et al. 2014 , Jalilvand and Shahsavari 2015 . Throughout this work, constant volume and temperature (NVT) MD simulations are performed. The Nose-Hoover thermostat (Woodcock 1971 , Nose 1984 ) is used to control the temperature of the system, while the velocity -Verlet algorithm (Verlet 1967, Vangunsteren and Berendsen 1990 ) with a time step of 1fs is used to integrate the equations of motion. The simulations are performed by using LAMMPS package (Plimpton 1995) . 
C-S-H Models.
The C/S ratio plays an important role in determining the nanostructure and morphology of C-S-H. A comprehensive procedure to create various combinatorial C-S-H models with a wide range of C/S from 1 to 2 has been reported recently (Birchall, Howard et al. 1981 , Qomi, Krakowiak et al. 2014 ). Here, we will focus on three representative models of C-S-H, namely tobermorite as a crystalline analogue of C-S-H with C/S=1.0 and two defected C-S-H phases with C/S of 1.56 and 1.89 taken from (Qomi, Krakowiak et al. 2014) . While the latter two are both semi-crystalline and exhibit a glassy behavior (hereafter called gC-S-H), the C-S-H with 8 a higher C/S (1.89) has much more defects and SiO 2 vacancies, demonstrating an almost amorphous structure (Qomi, Krakowiak et al. 2014) (c.f. Figure 1b-c) . In what follows, we describe the atomistic details of these three models.
Crystalline analogue of C-S-H: tobermorite. We choose tobermorite 11Å with C/S=1.0, whose relaxed lattice parameters are: a=6. 59Å, b=7.39Å, c=24 .38Å with α=β=90 0 , γ=123 0 , in excellent agreement with the ab-initio and XRD data (Shahsavari, Buehler et al. 2009) . A supercell of tobermorite is shown in Figure 1a . It is well known that tobermorite exhibits a clear layered structure, which makes it vulnerable to fail through interlayer fracture. Here, interlayer fracture refers to failure in between the layers while intralayer fracture corresponds to failure within the backbone layers of tobermorite. In this work, crack propagations along both intra-and inter-layer directions of tobermorite are investigated.
To obtain the supercell models of tobermorite, the unit cell is periodically extended along the x, y and z directions. For the cases of intra-and inter-layer fractures, the supercells contain 98,168
and 120,241 atoms with the sizes of 22.0×26.0×2.38 nm 3 and 3.0×26.0×22.0 nm 3 , respectively.
In order to induce crack nucleation, an initial notch with length of 5.0 nm is introduced. Figure   2a presents the original model of tobermorite for interlayer fracture. To study the effect of nanovoids on mechanical properties of tobermorite, random voids with sequential numbers (I, II, III, IV, V) are created ( Figure 2b ). The voids are generated by removing all atoms within a specified cylindrical region, which is a simplification of the capillary pores in experiment (Feldman and Sereda 1968) . After relaxation, although tiny alterations of crystal are observed around the perimeter of the voids, the overall C-S-H structure remains crystalline and well oriented due to the adoption of force field in MD simulations. In this case, the diameters of voids I to V are selected to be 3.0 nm, 1.6 nm, 2.4 nm, 2.4 nm and 3.2 nm, respectively. To identify the 9 effect of portlandite particles on crack propagation in tobermorite, the random nanovoids are then filled with portlandite particles. For the latter case, the particles are similarly numbered as I, II, III, IV and V (Figure 2c ). The nanovoids in our simulations are very similar to the capillary porosity (Chindaprasirt, Jaturapitakkul et al. 2005 ) rather than gel porosity, which refers to the tiny pores in between the C-S-H lamella (Shahsavari 2011) .
Before applying tensile loading, the models are fully relaxed for 0.2 ns to ensure equilibrium conditions. Thereafter, atomic layers with thickness of 2.0 nm at both left and right sides of the computer model are held fixed (blue dash frames in Figure 2a ), followed by a linear tensile loading on the fixed boundaries. Here, the linear (versus constant tensile loading) is chosen to emulate mode 1 fracture. Otherwise, a constant tensile loading may lead to fracture from initial notch and random voids simultaneously, which is against our objective to investigate the effects of voids and portlandite particles on crack propagation.
Glassy analogues: gC-S-H (C/S=1.565) and gC-S-H (C/S=1.89). During the construction of C-S-H with various C/S ratio, the reactive potential ReaxFF is used for annealing (Qomi, Krakowiak et al. 2014) . Since ReaxFF allows for chemical bonds reaction, particularly dissociation of interlayer water molecules to hydroxyl groups and protons, and distortion of the layered silica chains, the final structure of C-S-H is more amorphous than tobermorite. The dissociated protons are found to be connected to the terminal oxygen atoms of silica chain, as denoted by dash circles in Figure 1b 
Results and Discussions
In this section, we first use tobermorite to explore intra-layer fracture with a focus on the effects of nanovoids and portlandite particles on mechanical properties, especially toughness (section 3.1). Then interlayer fracture of tobermorite and gC-S-Hs (with C/S=1.565 and 1.89) are investigated and discussed in sections 3.2, 3.3 and 3.4, respectively. Since the applied tensile loading is linear, the tensile strain is calculated by (v×Δt×N)/L, i.e., the strain at the top of samples. Here v, Δt, N and L denote the maximum velocity, timestep, running steps of simulation, and length of the computer model along loading direction, respectively.
Intra-layer fracture of tobermorite
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To begin, we focus on the intra-layer fracture of C-S-H analogues. For the case of pure crack propagation, as shown in Figure 3 (blue line), at the elastic stage, stress increases with strain until reaches its fracture strength of 10.0 GPa at strain ɛ~0.08. By further increasing the applied strain, a rapid stress drop is observed, which indicates the fracture of material. Consequently, the crack will propagate, and lead to the final rupture of tobermorite, as illustrated by the insets in Figure 3 (points I and J). The stress in Figure 3 is an average stress calculated through the summation of all atoms' forces divided by the perpendicular cross-section area containing the notch (the central plane).
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Figure 3. Stress-strain relations for intra-layer and interlayer fracture of tobermorite with pure crack, random nanovoids and portlandite particles under uniaxial tensile loading. The insets illustrate the involved deformation mechanisms during tension. The colored frames and symbols around each atomistic snapshot correspond to the plot legend.
With the introduction of random nanovoids, the path of crack motion will change significantly and the cracks show clear preference to pass through the nanovoids (see snapshots of point L in 13 Figure 3 ). A slight stress drop is observed at strain ε~0.07 (red line in Figure 3 ), which corresponds to the initial crack nucleation (see snapshots of point K in Figure 3 ). After that, the stress will increase from 6.0 GPa to its fracture strength of 6.8 GPa. This is attributed to an important toughening mechanism of accommodation, as identified in nanocrystalline alloys (Glezer, Shurygina et al. 2013) . The accommodation mechanism is referred to a phenomenon that a shear band touches a nanoparticles and induces very high elastic stresses in it; then these stresses initiate new shear bands from the edge of nearby particles. In our current work, as the crack nucleates from the tip of the initial notch, an accommodating crack is formed from the edge of void II (snapshots of point K in Figure 3 ). Therefore, the crack motion from initial notch across void I, and the one from void II to void III proceed simultaneously. With the increase of tensile strain, the connection between void II and void III breaks, which results in another interesting phenomenon ahead of crack tip, i.e., voids grow to coalescence. Coalescence of microscopic voids is another important failure mechanism in ductile metals and their alloys (Seppala, Belak et al. 2004 , Weck, Wilkinson et al. 2008 . Moreover, void coalescence by internal necking that is reported in ductile metals (Scheyvaerts, Pardoen et al. 2009 ) is also observed in our simulation (snapshot of point L in Figure 3 ). These phenomena are consistent with the previous studies that C-S-H features a more ductile behavior at nanoscale (Ulm, Bazant et al. 2001 , Manzano, Masoero et al. 2013 , Bauchy, Laubie et al. 2015 . In addition, in this case the geometry of all voids changes from circle to ellipse to absorb more energy during tension. The accommodation mechanism, voids growth and coalescence through internal necking, and the geometry alteration of nanovoids will all synergize to improve toughness. Here, toughness is defined as the amount of energy a material absorbs before failure (representing the work-of-fracture), which is different from the classical "fracture toughness" with the unit of . The work-of-fracture is the area under the stress-strain curve, which is deeply affected by gradual, "graceful fracture", whereas the fracture toughness does not incorporate this entire process (Rafiee, Narayanan et al. 2013 , Sakhavand, Muthuramalingam et al. 2013 , Sakhavand and Shahsavari 2014 , Sakhavand and Shahsavari 2015 . In addition, stiffness is the slope of the stress-strain curve in the linear elastic region while strength is the maximum stress that the material can withstand.
Next, we fill the nanovoids with portlandite particles. The lattice parameters of portlandite,
is shown in Figure 1d . We adopt the CSH-FF (Shahsavari, Pellenq et al. 2011 ) to simulate the atomic interaction of Ca(OH) 2 . With the introduction of portlandite particles in C-S-H voids, the total energy of simulation system changes significantly. Therefore, a complete relaxation is conducted to achieve the energy minimization. The structure of portlandite particles is observed to change slightly after relaxation (c.f. Figure 1e -f). In view of Figure 1f , the central O-H bonds of Ca(OH) 2 particle form hexagonal crystalline structure while the O-H bonds around the edge of particle are disordered to form hydrogen bonds with tobermorite. This latter H-bond network act as a connection to glue the two phases (C-S-H and portlandite) together. The less organized shape in Figure 1f compared to the perfect crystalline shape in Figure 1e comes in part from the interfacial interactions of portlandite and C-S-H, which changes the structure locally, and in part from the adopted force field, which lead to minor structural reorientations. Furthermore, the stress-strain curve of the system with portlandite particles becomes more nonlinear with a plateau, which implies more ductile behavior than the systems with pure crack or nanovoids (the yield strain increases from 0.06 in pure tobermorite to 0.27 in tobermorite with portlandte prticles, black line in Figure 3 ). It can also be seen that akin to the case with voids, crack prefers 15 to pass through portlandite particles, and eventually zigzag crack surfaces are observed (see the snapshots of points M, N and O in Figure 3 ). We note that particle II is bypassed in this fracture simulation, which can be explained by the energy release of crack propagation. Considering the relative positions of void I and void III, the crack between void I and void II is more parallel to the loading direction, which requires more energy for crack propagation. Therefore, crack chooses the path from void I to void III for a faster energy release. Young's modulus seems to be related more to intrinsic values of the individual phases and connectivity (Chamrova 2010) . For the case of nanovoids, the decrease of Young's modulus and strength is attributed to the fact that voids act as weak points, i.e. crack nucleation origins.
Chemical and physical interactions will occur once the tobermorite with Ca(OH) 2 are blended ( Figure 1f ). Such interactions will have a significant effect on the layered structure of tobermorite, and consequently decrease the Young's modulus and strength, in spite of the relatively large stiffness and strength of both individual phases. However, the toughness of composite will be significantly improved. Indeed, one can approximate from Figure 4 that tobermorite with portlandite particles absorbs 90% more energy than the one with pure crack propagation, thereby tobermorite with portlandite is a tougher composite.
Although a coupled nanoindentaiton/SEM-EDS study on low water/cement ratio portland cement paste show that portlandite could increase the stiffness of cementitious materials (Chen, Sorelli et al. 2010) , the discrepancy between experiment and simulation can come from the following factors :1) in the experiments, the increase of stiffness via inclusion of CH is attributed to the filling effect of CH in the gel pores of C-S-H (the tiny pores in between the C-S-H lamella) (Chen, Sorelli et al. 2010 ). However, this filing effect of gel pores is absent in our simulations and we only considered a bi-phase mixture, 2) the C-S-H in the current work is pure single crystalline material while the C-S-H phase in experiment involves inner and outer C-S-H products as well as defects between grains. Such a structural difference will lead to the discrepancy in the results, and finally 3) in the experiment, the length scale is at submicro to micro-meter whereas our simulations is focused at nanometer length scale.
Interlayer fracture of tobermorite
Considering the layered structure of tobermorite, interlayer fracture is another important concern for engineering researchers. As shown and compared in Figure 3 (blue line with circles), the strength measured from intra-layer fracture is higher than that of interlayer fracture. For the interlayer fracture, the stress-strain curve of pure crack propagation can be divided into three stages: at the elastic stage, stress increases with applied strain linearly until reaches the value of 7.8 GPa at strain ɛ~0.05. Then the slope of the stress-strain curve drops and the stress approaches the strength of 8.8 GPa at strain ε~0.07. After this yielding point, stress drops rapidly, which indicates a brittle fracture. To identify the underlying deformation mechanism, we track the snapshots of atomic configurations at strains ε~0.06 and ε~0.21 ( Figure 3 points A and B). It is observed that crack nucleates ahead of the adherent atoms. The decrease of slope of the stressstrain curve in the strain range of 0.05~0.07 is attributed to the competition of crack nucleation and stretching of adherent atoms. Once crack nucleation is triggered, interlayer brittle fracture will follow, which ultimately leads to the rupture of material. Movie-S1 in supplementary material displays the process of interlayer brittle fracture. The smooth and straight crack surfaces can be observed after failure. The structural character of water molecules, which causes strain localization in the crystal lattice is responsible for such brittle response of tobermorite (Manzano, Masoero et al. 2013) .
As for tobermorite with nanovoids, the snapshots of configurations at strains ε~0.09, 0.16, 0.34 are shown in Figure 3 (points C, D and E). A slight stress drop is observed after the linear elastic range, which corresponds to the initial nucleation of crack. It is also observed that the initially introduced circular nanovoids, such as void I and III, are stretched to become elliptical. From the configuration at strain ε~0.09 (point C in Figure 3 ), one can note that nanopores begin to form and dilate, which is also responsible for the first stress drop. Then stress increases slightly to its maximum value of 6.1 GPa, mainly due to the tension of the adherent atoms ahead of crack tip.
After that, the stress drops gradually. An interesting phenomenon is that the original straight layer has been stretched to become curvy. Compared to the brittle fracture in the case of tobermorite with pure crack, the crack tip is blunted and deflected due to the perturbation of nanovoids. Another interesting finding is that a new crack is nucleated from the edge of void III (see snapshot of point D in Figure 3 ). However, with continued loading, the tip of this newly formed crack is also blunted and the propagation is impeded due to the participation of voids IV and V. Simultaneously, the initial crack goes through voids I and III (see snapshot of point E in Figure 3 ). The detailed processes of such crack deflection is presented in the supplementary
Movie-S2. Considering the relative locations of void I to void II and void I to void III, crack chooses the path from void I to void III for a faster energy release. Therefore, void II is bypassed again as discussed earlier for the case of intra-layer fracture.
With the addition of portlandite particles, the stress-strain curve shows a totally different pattern with respect to the samples with pure crack and nanovoids (black line with circles in Figure 3 ).
At the initial stage, stress increases with strain nonlinearly until it reaches a plateau at a relatively large strain ɛ~0.2. As the tensile strain increases to ɛ~0.3, stress drops very slowly until the failure of the composite. To identify the deformation mechanisms, we carefully analyzed the snapshots of the atomic configurations at strains ε~0.2, 0.35, 0.57 in Figure 3 (points F, G and H) (Movie-S3). The crack tip has become very blunt before cutting through particle I, and the original circular particle I is stretched to become elliptical. The curvy layered structure is stretched to break during tension. To choose a path for faster energy release, crack crosses particles I, III and V, and bypasses particles II and IV, leaving a zigzag crack surfaces. In view of the stress-strain curve in Figure 3 , the addition of portlandite particles has greatly increased the toughness of tobermorite, in spite of the decrease in strength. The mode of failure has transferred from brittle to ductile due to the large fracture strain and rather long and smooth stress plateau.
Similar to the intra-layer fracture, a decrease of Young's modulus goes with a decrease of strength but an increase of toughness, as summarized in Figure 4 . This can be explained by the intrinsic properties of the materials. The introduction of voids is equivalent to adding weak spots into material, which then leads to the decrease of stiffness and strength. However, crack propagation is deflected by the voids, and consequently more energy is absorbed during fracture, thereby improving toughness. The dominated interlayer interaction in crystalline tobermorite is coulombic interactions (Shahsavari, Pellenq et al. 2011) . Once the voids are filled with portlandite particles, structural heterogeneity appears, which entail new interfacial chemical interactions involving hydrogen bonds and van der waals interactions, hence, reducing the dominant role of coulombic interactions. It is well known that coulombic interaction is much stronger than hydrogen bonds or van der waals interactions (Zhang and Chen 2012) . Therefore, while structural heterogeneity and crack deflection imposed by portlandite particles decrease the Young's modulus and strength they increase the toughness due to tortuosity of crack path.
Interlayer fracture of gC-S-H (C/S=1.565)
To systematically evaluate the role of nanovoids and portlandite particles in balancing the strength and toughness of C-S-H with various compositions, in this section, we turn our attention to gC-S-H with C/S=1.565. As seen in Figure 5 , the stress-strain curve of gC-S-H becomes more nonlinear than that of tobermorite (see inset in Figure 5a ). For the gC-S-H with pure crack, the interlayer fracture strength is 4.0 GPa at strain ɛ~0.04, which is 55% lower than that of tobermorite. This observation is consistent with the previous reports of yield strength for tobermorite and gC-S-H (Manzano, Masoero et al. 2013 , Qomi, Krakowiak et al. 2014 . By 20 further increasing the strain, the stress gradually drops until the rupture of material. However, the Young's modulus of gC-S-H (C/S=1.565) is about 20% higher than that of tobermorite. This can be intuitively expected because the elastic moduli is expected to increase with the average density of atoms (Manzano, Masoero et al. 2013) , which is higher for gC-S-H, i.e., 65 atoms/nm 3 for tobermorite vs. 91 atoms/nm 3 for gC-S-H (C/S=1.565). To characterize the deformation mechanisms, atomistic configuration at strains ε~0.16 is shown in Figure 5 (point A). It should be noted that the relaxed structure of gC-S-H (C/S=1.565) is more amorphous with respect to the crystalline tobermorite. As stated in section 3.2, this amorphous structure is due to the strategy of model construction via breaking continuous silica chains. Moreover, interlayer fracture of gC-S-H (C/S=1.565) seems to be more ductile than tobermorite. This is attributed to the distorted layers of gC-S-H, which cause interfacial atoms adhere on the crack surfaces. Therefore, as the material eventually ruptures, rough crack surfaces are left. gC-S-H (C/S=1.565) specimen with nanovoids follows a similar behavior to the case without voids, however, it can be noted from Figure 5a and Figure 4 that although the strength is weakened by 17.5%, nanovoids absorb 36.7% more energy during fracture and thus improve the toughness of gC-S-H. The snapshot of gC-S-H with nanovoids at strains ε~0.25 is presented in Figure 5 (point B). Compared to the gC-S-H without voids, the crack tip is observed to be blunted prior to propagation and the initial straight layer is bent. With continued loading, the shape of voids I, III and IV changes from circle to ellipse, through which more energy is absorbed and crack propagation is postponed. This is a key process that contributes to the improved toughness. In addition, a new crack forms from the edge of void I and eventually breaks the connection between voids I and III. The shape of voids II and V is not changed, and thus these two voids are bypassed. The path of fast energy release rate in this case is along voids I, III and IV.
With the addition of portlandite particles, the fracture toughness is further improved by nearly 2X with a slight sacrifice of strength and Young's modulus with respect to the case with pure crack propagation. Tracking the process of deformation at strains ε~0.23 and 0.35 ( Figure 5 points C and D), it is observed that the crack tip is blunted dramatically before crossing void I.
Nanopores are observed to form nearby portlandite particles. Failure mechanism of accommodation is also observed. New cracks are imparted from void III before the initial crack passes through void I. It is worthy to mention that fracture takes place through cutting the portlandite particles rather than splitting the grain boundaries, which indicates a strong interaction between these two material phases. Eventually, crack is deflected along the fast energy release rate path of particles I, III and V. In contrast, no deformation of particles II and IV is observed and these two particles are bypassed.
Interlayer fracture of gC-S-H (C/S=1.89)
Focusing on another chemistry of C-S-H, it can be noted from the stress-strain curves in Figure 5 that the toughness of gC-S-H with C/S=1.89 has been significantly improved due to the participation of nanovoids and portlandite particles. Moreover, akin to gC-S-H (C/S=1.565), the 23 failure mode of gC-S-H (C/S=1.89) with pure crack is also much more ductile than that of tobermorite due to the amorphous structure of gC-S-H. The overall pattern of stress-strain curves is nonlinear. The Young's modulus of gC-S-H (C/S=1.89) is smaller than that of gC-S-H (C/S=1.565), due to the decrease of local atom density, i.e. 91 atoms/nm 3 for gC-S-H (C/S=1.565) vs. 81 atoms/nm 3 for gC-S-H (C/S=1.89). For pure crack propagation, the strength is measured to be 3.1 GPa at strain ε~0.06. The snapshot at strain ε~ 0.25 ( With the introduction of nanovoids, gC-S-H (C/S=1.89) becomes more ductile but with a slight decrease in fracture strength. In this case, we divide the stress-strain curve into three stages.
Specifically, we plot the stress-strain relation of gC-S-H (C/S=1.89) with nanovoids and portlandite particles in Figure 5b . At low strain (up to 0.025), the mechanical response of gC-S-H (C/S=1.89) sample with nanovoids is linear elastic with stress till ~2.5 GPa (blue shadow in Figure 5b ). Afterwards, the slope of stress-strain curve decreases and stress increases gradually to 2.8 GPa at strain of 0.12 (orange shadow in Figure 5b ). This is attributed to the competition between crack nucleation and resistance of adherent atoms ahead of crack tip. It is noted from the atomistic configuration in Figure 5 (point F) that crack tip is blunted and the original straight layer has been stretched to bend. As the critical strain of 0.12, the adherent atoms are completely 24 separated. Then crack is deflected to void I, and meanwhile a new nanopore is found to form beneath void I. The geometry of voids I, III, IV changes from original circular shape to ellipse.
All of these deformation mechanisms will make contributions to increase toughness. With continued loading, voids I and III are connected ultimately through internal necking, which is a common fracture mechanism observed in ductile metals (Scheyvaerts, Pardoen et al. 2009 ).
Considering gC-S-H (C/S=1.89) with portlandite particles, surprisingly, the toughness is significantly improved without any sacrifice of strength. Particularly, compared to the case of pure crack propagation, a slight increase of strength is observed in the stress-strain curve. At the strain smaller than 0.03, the mechanical response is linear elastic (blue shadow in Figure 5b ).
After that one can note a decrease of gradient of stress-strain curve and the fluctuation of stress, which is akin to the case with nanovoids (orange shadow in Figure 5b ). Competition of crack tip motion and stretching of adherent atoms in front of the crack tip is responsive for this decrease of slope of the stress-strain curve. Then, an oscillated stress plateau is observed from the strain of 0.1 to 0.28 (green shadow in Figure 5b ). This is attributed to the competition of original crack tip blunting and new crack nucleation from particle II and III (see snapshots of point G and H in Figure 5 ). Subsequently, the original crack motion is arrested due to the extension of portlandite particles and formation of nanopores. However, with the increase of the external load, the connection between original crack and particle II is broken, which corresponds to the stress drop at strain ε~0.28. Ultimately, the system ruptures by cutting through portlandite particles. Crack deflection, combined with the deformation of portlandite particles, absorb remarkable energy during fracture, and thus make the toughness of composite significantly higher than each of its components: gC-S-H and portlandite. It is worth mentioning that particle I, which is larger than particle II and usually has the priority to deflect crack motion than particle II, is bypassed in this 25 simulation case. This implies that crack deflection path has a complex dependency on the size of particle and the chemistry of the underlying matrix (the extent of amorphous vs. crystalline nature of C-S-H). Therefore, it is necessary to statistically analyze the relation between these inhomogeneous structural patterns and mechanical properties.
Statistical sensitivity analysis
Ductile fracture of C-S-H depends strongly on the size and location of voids and portlandite particle inclusions. In this section, statistical sensitivity analysis techniques are utilized to study the effect of random nanostructural configurations on mechanical properties. Such information is crucial to quantify the reliability of aforementioned computational analysis in predicting the material performance and potentially developing design guidelines. To align our focus in this section, we consider the interlayer fracture of tobermorite and gC-S-H (C/S=1.56 and 1.89) with addition of nanovoids and portlandite particles. In order to compare the relative effect of inclusions (versus nanovoids) on mechanical properties, we considered all structures with random nanovoids and only filled their voids with the inclusions. In this way, any property changes are solely due to the filling effect of inclusions and not the changes in geometry.
The variance-based global sensitivity analysis (GSA) method, which investigates the contributions of input variables (e.g., particle diameter) to the variance of an output variable (e.g. strength), is adopted in this study. According to the concept of variance-based GSA, the total variance V of an output function f(X), such as strength, is decomposed into various sources of input variable variations (Yin, Chen et al. 2008 ),
where m is the number of input variables; V i represents the partial variance in the response due to the main effect of an input variable X i alone. The higher order terms represent the interaction effects between two or more input variables. In this study, both the main effect and the total effect, which is referred as the sum of main and interaction effects, are investigated. The global sensitivity index reads ! = ! , !" = !" , and so on. The total sensitivity index is the measure of importance of an input variable, and is defined as the sum of all sensitivity indices that involve the input variable of interest, including both the main effect and the effects due to interactions with other input variables. Thus, by applying GSA, we expect to uncover the significance of each input variable as well as their complex interactions with other input types on output responses (e.g. strength, toughness and so on). This will likely enable de novo strategies to understand and tune the configuration of C-S-H matrix with voids/particle inclusions.
Global sensitivity analysis of tobermorite with voids
To examine the relation between random nanostructure parameters and mechanical properties, a random configuration generator is developed to provide multiple nanostructure configurations based on a set of basic parameters. In this context, it is important to realize and determine the critical nanostructure descriptors that are relevant to our system in a statistical sense. For the present study, a basic set of nanostructure parameters is illustrated in Figure 6 . Among the six input parameters, the main effect of diam.mean (the mean diameter of void), V3
in Table 2 , is found to be the most statistically significant input parameter for the three output mechanical responses, particularly for Young's modulus (Figure 9a ). For toughness, the main effect of cent.mean (the mean of central distance), V1 in Table 2 , makes equivalent vital contribution as the main effect of diam.mean. Generally, the contributions of the main effects of input parameters are much larger than their interaction effects, particularly for V3 and V1.
Furthermore, for Young's modulus and strength, the interaction effect of cent.mean and NND.mean (V5), the mean of nearest neighbor distance, (V1.V5 in Table 2 ) is larger than their individual main effects (V1 or V5). Another interesting observation from Figure 9a is that the interaction of cent.std (V2) and NND.std (V6), (V2.V6 in Table 2 ), which relates to the scattering of neighboring voids nearby the central line, has a remarkable impact on toughness. The more this scattering, the larger the toughness. This is because cent.std is a critical precursor for crack propagation through voids, while NND.std relates to the probability of voids coalescence. Tuning 32 these two parameters will significantly impact the crack propagation path and thus the required energy for crack growth (i.e. toughness). In contrast, the diam.std (V4) makes relatively small contribution to mechanical properties, either in the form of MSI or ISI; i.e. for a given average void size, its scatter is not so important. These findings are somewhat non-intuitive and only possible via such accurate statistical analysis performed on our hundreds of MD simulations. The vertical axis indicates the magnitudes of MSI and ISI, which are between 0 and 1.
Global sensitivity analysis of tobermorite with random portlandite particles
For tobermorite with random portlandite particle inclusions, Figure 9b shows that the main and interaction effects of diam.mean (V3), as well as the interaction effect of cent.mean (V1), cent.std (V2) and diam.mean are statistically significant input parameters for Young's modulus, strength and toughness. Note that the interaction effects of cent.mean, cent.std and diam.mean make equivalent or even larger contribution to mechanical properties than their main effects. In addition, the main effect of cent.mean (V1 in Table 2 ) is also statistically important for the toughness. However, compared to tobermorite with random voids, the main effects of the diam.mean to Young's modulus and strength reduce significantly. This suggests the less pronounced role of diam.mean in tobermorite with random portlandite particles. Furthermore, the contribution of NND.std (V6) to toughness is smaller than that of tobermorite with random voids.
This might be intuitively expected. NND.std relates to the probability of voids coalescence (a key toughening mechanism here). But unlike voids, portlandite particles do not coalesce during fracture, and thus their NND.std does not matter. Another observation is that the main and interaction effects of diam.std (V4) is almost zero (Figure 9b ), which indicates that diam.std has the smallest contribution to mechanical properties. This can be physically understood since portlandite is a solid inclusion in the tobermorite matrix; thus any variation in its diameter would be likely absorbed by the matrix, especially given that both portlandite and tobermorite are rock- structure, the one with less defects (C/S=1.56) is more vulnerable to the average size of void/particle inclusions. This in part could be also due to the higher density of C-S-H with C/S=1.56, which is higher than both tobermorite and C-S-H with C/S=1.89. In brief, given that the real hydrated Portland cement has a more frequency of C-S-H phases with C/S around 1.6-1.7 (Pellenq, Kushima et al. 2009 ), from practical standpoints our study suggests that it is preferred to control the diameter of void/particle inclusions within a desired mean value, rather than their standard deviations or their locations (NND). Further detailed analyses on this and possible correlations to the medium range defect attribute of combinatorial C-S-H with various C/S ratios (Shahsavari , Qomi, Krakowiak et al. 2014 ) and potential defects Chen 2015, Shahsavari, Tao et al. 2016 ) will be subjects of future studies.
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Conclusion
We studied the effect of random nanovoids and particle inclusions on balancing mechanical properties (strength, stiffness and toughness) of a complex cementitious phase, calcium-silicatehydrate (C-S-H), with varying stoichiometry and molecular morphology. By performing over 600 MD simulations coupled with statistical analysis tools, our results provide new fundamental understanding on fracture mechanisms associated with C-S-H at the molecular scale, particularly the interplay between the crack tip, nanovoid/particle inclusions, and the extent of crystallinity of the matrix, which relates to its stoichiometry. In the first part of this work, our key finding elucidate ductile fracture mechanisms associated with C-S-H. In particular,
1. In all C-S-H phases including crystalline tobermorite and amorphous gC-S-H (C/S=1.565 and 1.89), toughness increases with introduction of voids and portlandite particles, owing to competing mechanisms such as crack deflection, voids coalescence, internal necking, accommodation, and geometry alteration of individual voids/particles. These phenomena are reminiscent of ductile fracture mechanisms of crystalline alloys and ductile metals (Scheyvaerts, Pardoen et al. 2009 , Glezer, Shurygina et al. 2013 , providing evidence that complex macroscale brittle materials such as C-S-H may exhibit ductile fracture mechanisms at the nanoscale.
2. Considering the inter-or intra-layer fracture of crystalline tobermorite, addition of portlandite particle inclusions causes a brittle-to-ductile transition, leading to significantly improved fracture strain and toughness while exhibiting a modest sacrifice in strength and Young's modulus. This is because crack deflection and geometry alteration of particles absorb more energy during crack propagation, contributing to toughness. 4. In the case of gC-S-H with C/S=1.89, addition of portlandite particles will not only increase the toughness, but also the strength of composite because the amorphous structure induces strong chemical interactions such as H-bonds between C-S-H and portlandite molecules.
5. Under a given loading condition, crack propagation path depends essentially on the microstructural design. Considering the complex amorphous characteristic of C-S-H, controlling the crack-growth mechanisms associated with deflection, bypassing, and cracktip blunting may enable reliable guidelines in controlling the crack growth behavior, leading to optimum mechanical properties C-S-H and thus concrete.
In the second part, we performed a comprehensive global sensitivity analysis up to the second order to unravel the importance of random nanostructural features on mechanical properties. In particular, due to the stochastic nature of crack growth, combined with the random location and size of voids and particle inclusions, and the complex chemistry of the underlying matrix (which dictates the extent of amorphous vs. crystalline features of C-S-H), we considered six key input random variables (Table 1) This is because portlandite is a solid inclusion in a solid tobermorite matrix; any variation in its diameter would be absorbed/filled by the matrix. However, in the case of amorphous gC-S-H matrix (C/S=1.56 or 1.89), the effect of diam.std becomes more pronounced.
9. While both mean of central distance (cent.mean) and mean of diameter (diam.mean) control the toughness of crystalline tobermorite with voids/particles, in the case of amorphous gC-S-H (either C/S=1.56 or 1.89), toughness is mainly influenced by diam.mean. In brittle tobermorite, cent.mean is a key to crack deflection and void coalescence whereas the relatively amorphous (glassy) nature of gC-S-H matrix (C/S=1.565 or 1.89) offers multiple paths for crack propagations, diminishing the importance of cent.mean to toughness.
10. In contrast to toughness, strength has a reverse dependence on random parameters of nanovoids/particles in crystalline tobermorite versus amorphous gC-S-H, i.e. both cent.mean and diam.mean contribute to the strength of gC-S-H (C/S=1.56 or 1.89) whereas brittle nature of tobermorite overshadows the impact of cent.mean.
11. Comparing the two gC-S-H (C/S=1.56 vs. 1.89) with voids/particles, the effects of both mean of nearest neighbor distance (NND.mean) and standard deviation of nearest neighbor distance (NND.std) become more pronounced for gC-S-H with C/S=1.89, since its higher defective sites facilitate coalescence of neighboring voids/particles. Furthermore, gC-S-H with C/S=1.56 is more vulnerable to mean of diameter (diam.mean), in part due to its less defective sites and in part due to more density of C/S=1.56 among all C-S-H polymorphs (Qomi, Krakowiak et al. 2014) . Given that the C/S=1.56 is closer to the average stoichiometry of typical Portland cement, our study suggests that controlling average diameter of porlandite particles in cement paste is more important than their standard deviations or their spatial locations (nearest neighbor distance/NND).
Above conclusions have limitations too. First, we considered a 2D model with parallel and cylindrical voids or portlandite inclusions as a first approximation to a real 3D system. Although such as 2D model is reasonable for a platelet-like C-S-H structure, a full 3D simulations must be carried out in the future. Second, the focus of this work was on voids and portlandite particles within an "individual C-S-H grain". At such a nanometer scale, the C-S-H with voids and particles still maintain its crystalline structure, however, in reality (larger scales) there might be alterations to the crystallinity of the matrix. Finally, our simulation results are obtained based on single crystalline C-S-H at the order of a few hundred nanometers while real cementitious materials have a hierarchical structure (Shahsavari 2011) , spanning from subnano to micro or macrometer length scales. This multi-scale characteristic calls for an in-depth study on deformation mechanisms at different scales, which must be thoroughly conducted in the future.
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In this context, our nanoscale data will provide the key necessary information at the smallest scales, which affect mechanics at larger scales. We recall that crack growth and strength is an inherent property, which is controlled by nanoscale deformation mechanisms. This original study at the nanometer length scale is the first report on the fundamental molecular-level properties, which impact the mechanical properties at larger scales. Our data will provide new insights, design guidelines, and strategies to turn the brittle cement paste (C-S-H) into a ductile material, impacting the manufacturing of concrete infrastructures and potentially other complex brittle materials and composites.
